Introduction {#s1}
============

Coronavirus disease 2019 (COVID-19) is a multiorgan manifestation caused by an infection of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) first discovered in Wuhan, China, in 2019. Although most patients infected with SARS-CoV-2 experience a mild disease, nearly 5% progress to disseminated viral pneumonia and multiorgan failure ([@CIT0079]). Over 2 million patients have been infected worldwide and the United States is now leading the number of infections and deaths by COVID-19 infection with unprecedented efforts to contain the viral spread ([@CIT0018]). The nonspecific symptomatology of fever, cough, and fatigue makes early diagnosis of COVID-19 challenging ([@CIT0039]). Insufficient PCR testing capability further hindered diagnosis and early containment within the United States.

Reports of olfactory dysfunction in otherwise asymptomatic persons have led to interest in this sign as a potential early indicator of SARS-CoV-2 infection ([@CIT0038]). Furthermore, olfactory neurons could be at especially high risk of injury because of the high viral load within the nasal cavity ([@CIT0083]). Olfactory dysfunction after SARS-CoV infection was also reported in the past ([@CIT0041]). This paper reviews the olfactory physiology, summarizes the clinical reports of anosmia in current and previous viral outbreaks, and specifically discusses neurological implications of this syndrome. It is important to note that dysgeusia (lack of taste, also a chemical sense) has also been reported in COVID-19-infected patients ([@CIT0038]); however, it can be difficult to distinguish the two symptoms without objective testing. Therefore, this review will be focused on the olfactory system.

Olfactory physiology {#s2}
====================

Olfactory function provides critical information about the environment, which is why substantial neural circuitry is dedicated to processing olfaction and multisensory integration. Initially, odorants enter the superior aspect of the nasal cavity, which is lined by the olfactory epithelium (OE; see [@CIT0078]). At least five cell types exist in this epithelial layer: olfactory sensory neurons (OSNs), sustentacular cells, microvillar cells, duct cells of the olfactory (Bowman's) glands, and basal cells ([@CIT0076]). Here, the odorants are detected by odorant receptors (ORs) on the cilia of the OSNs. ORs are G-protein-coupled receptors that activate Golf. Golf activation stimulates adenylyl cyclase, followed by the formation of cyclic adenosine monophosphate. This leads to the opening of chloride channels and an efflux of chloride ions, resulting in action potential ([@CIT0006]). OSNs are bipolar neurons with axons that form synapses in the olfactory bulb, as well as dendrites that project out into the nasal cavity and are enwrapped by sustentacular cells ([@CIT0049]). From each dendritic knob of an OSN, 10--30 cilia protrude out into the mucus layer ([@CIT0030]). Each OSN expresses a unique OR type, and the axons of all OR-specific OSNs project to the glomeruli, where they synapse with mitral and tufted cells in the olfactory bulb.

The axons of the second-order olfactory neurons (mitral and tufted cells) subsequently project to diverse olfactory areas of the central nervous system (CNS). This includes the anterior olfactory nucleus (AON), the olfactory tubercle, the piriform cortex (area 51), the amygdala, and the entorhinal cortex ([@CIT0006]; [@CIT0017]). Here, the neural circuit feeds into multimodal integration that is important for cognition and motor control. Recent studies have shown that the AON utilizes input from the hippocampus for storage of olfactory memory representations ([@CIT0002]).

OSNs in the OE undergo continuous turnover throughout a person's life. The basal cells (both globose and horizontal types) are pluripotent and can give rise to all subtypes of OE cells ([@CIT0007]; [@CIT0048]). Steroids inhibit this OSN regeneration as seen in murine models of OE injury from intranasal lipopolysaccharide administration ([@CIT0016]). Neurons in the olfactory bulb also undergo regeneration originating as neuroblasts from the subgranular zone of the dentate gyrus ([@CIT0078]).

Current evidence regarding SARS-CoV-2-related anosmia {#s3}
=====================================================

Preliminary evidence reveals that sudden anosmia might be the sole presenting symptom of COVID-19 patients ([@CIT0028]; [@CIT0038]). In 214 hospitalized COVID-19 patients in Wuhan, 5.1% and 5.6% of patients presented with hyposmia and hypogeusia, respectively ([@CIT0050]). An anecdotal survey of patients in South Korea revealed that about 30% had anosmia as their major presenting symptom of COVID-19 ([@CIT0024]). Furthermore, these patients presented with anosmia and ageusia associated with fever (\>37.5 °C) without nasal obstruction or rhinitis.

After these initial reports, the American Academy of Otolaryngology---Head and Neck Surgery, ENT UK, and the British Rhinological Society independently published guidelines that include anosmia, hyposmia, and dysgeusia in assessing patients suspected to have COVID-19 ([@CIT0024]). More recent olfactory surveys on COVID-19 patients showed olfactory dysfunction in 20--85% of patients ([@CIT0029]; [@CIT0047]; [@CIT0067]; [@CIT0075]). Magnetic resonance imaging of a patient with SARS-CoV-2-related isolated sudden anosmia revealed normal olfactory bulb volume and signal intensity ([@CIT0027]). About 72.6% of these patients recovered olfactory function within the first 8 days, which suggests that the majority of anosmia is temporary in nature ([@CIT0047]). A similar finding was confirmed using the University of Pennsylvania Smell Identification Test ([@CIT0053]). It is possible that the apparently increasing incidence of olfactory dysfunction is due to greater awareness and more careful assessment of the symptom.

Molecular virology of SARS-CoV-2 {#s4}
================================

SARS-CoV-2, part of the family Coronaviridae, is an enveloped, positive-sense single-stranded ribonucleotide acid (RNA) virus. Although data from this novel coronavirus is still emerging, more information is available on the related SARS-CoV that was studied in the wake of its outbreak in 2003. The mechanism of SARS-CoV entry into host cells has been well characterized and resembles that of the human immunodeficiency virus and the influenza virus. All of these viruses contain a viral spike protein (S protein) belonging to a group of class I viral fusion proteins. The N-terminal end of the spike protein (S1) contains the receptor-binding domain that binds to the host's angiotensin-converting enzyme 2 (ACE2), resulting in a conformational change of the S protein. This is followed by proteolytic cleavage of the S protein by TMPRSS2 ([@CIT0014]; [@CIT0064]). The C-terminal of the viral spike protein (S2) contains heptad repeat domains (HR1 and HR2) that form a six-helix bundle fusion core structure during fusion, enabling viral RNA entry into the cell ([@CIT0019]). SARS-CoV-2 is thought to enter the host cell in a similar way via priming of S protein subunits by TMPRSS2 and initiation of viral entry by their interaction with the host cell's ACE2 ([@CIT0036]).

Possible mechanisms of anosmia in SARS-CoV-2 patients {#s5}
=====================================================

With few studies published yet, we can only speculate on the mechanism of anosmia symptoms in SARS-CoV-2 patients. We can glean understanding from other respiratory viral infections, including other coronaviruses in particular. Anosmia can be broadly categorized into conductive or sensorineural olfactory loss ([@CIT0031]). Conductive loss occurs due to impaired nasal airflow and is reversible when the obstruction clears; sensorineural loss implies dysfunction of the OE and can be permanent or have a longer time course to functional recovery. Several possible mechanisms are suggested for the SARS-CoV-2 anosmia that may cause anosmia alone or in concert.

Conductive or obstructive anosmia {#s6}
---------------------------------

Sinonasal conditions that affect airflow and impair the travel of odorants to the intact OE can result in a conductive loss. Indeed, nasal congestion or edema of the nasal respiratory epithelium from various causes can result in temporary anosmia. In the pre-COVID era, olfactory impairment resulting from sinonasal disease ranged from 14% to 30% of all patients presenting with anosmia ([@CIT0011]; [@CIT0052]; [@CIT0063]; [@CIT0072]).

Infections resulting from the endemic strains of human coronavirus (HCoV), including NL63, OC43, and 229E, cause the common cold. A prospective study of hospitalized patients showed that patients with these endemic HCoV strains showed rhinitis, pharyngitis, and laryngitis, although less commonly than lower respiratory symptoms ([@CIT0033]). When healthy volunteers were inoculated with the HCoV-229E strain, patients began to report nasal obstruction and an impaired sense of smell. The recovery time was not assessed in this particular study, and it is not clear whether this was conductive or sensorineural olfactory dysfunction ([@CIT0001]). Supporting evidence that SARS-CoV-2 causes conductive olfactory dysfunction comes from the time of onset of anosmia in these patients: olfactory dysfunction after (26.7--65.4%) or at the same time (22.8%) as the general or ENT symptoms in COVID-19 patients ([@CIT0047]; [@CIT0067]). Furthermore, as mentioned before, the olfactory dysfunction was temporary with recovery within 8 days in the majority of COVID-19 patients ([@CIT0047]), again supportive of a conductive mechanism.

Disruption of olfactory epithelium following local infection {#s7}
------------------------------------------------------------

A viral infection of the nasal OE can result in injury to part or all of the nasal OE, including OSNs. In these patients, the "post-URI anosmia" or "postviral anosmia" persists for weeks to months after the clearance of rhinitis and associated upper respiratory infection (URI) symptoms until the damaged parts of the nasal OE regenerate. The pathophysiology of "postviral anosmia" and histological analyses have been described in the literature, mainly following rhinovirus infection. Upon infection of the nasal respiratory and OE, neutrophilic inflammation ensues, resulting in mucosal edema and rhinorrhea. As mentioned above, conductive olfactory loss is often associated with nasal obstruction; however, histologic analysis of the OE in these patients showed an absence of cilia and a decreased number of OSNs replaced by metaplastic squamous epithelium, indicating an additional sensorineural contribution ([@CIT0043]; [@CIT0080]).

Postviral anosmia has been reported after HCoV-229E infection, and the olfactory dysfunction lasted more than 6 months ([@CIT0071]). Of note, HCoV-229E uses human aminopeptidase N as the receptor for host entry, which is different from SARS-CoV and SARS-CoV-2 that use ACE2 ([@CIT0081]; [@CIT0036]). In the patients with SARS-CoV, a high level of ACE2 expression was demonstrated in the nasal respiratory epithelium ([@CIT0008]), more specifically on the ciliated cells, consistent with intranasal viral entry into the human host ([@CIT0065]). However, this result contradicted another study that identified ACE2 in the basal layer of the nasal respiratory epithelium ([@CIT0035]). Subsequent studies revealed that goblet cells of the nasal respiratory epithelium have a high level of ACE2 expression ([@CIT0070]; [@CIT0082]). The OE lacks goblet cells ([@CIT0066]); however, recent preliminary data showed ACE2 expression in the OE, more specifically in the nonneuronal cells (supporting cells, stem cells, and perivascular cells) ([@CIT0010]). The single-cell RNA-seq approach has been used to identify specific cells of the OE that coexpress ACE2 and TMPRSS2. Preliminary data from Fodoulian et al. identified sustentacular cells, facing the nasal cavity, and playing a critical role in maintenance in the neuroepithelium as the prime cellular targets for SARS-CoV-2 entry ([@CIT0026]). The high susceptibility of nasal tissues to coronavirus infection supports the concept that some of the olfactory dysfunction can be due to injury of the local environment. Those COVID-19 patients who do not rapidly recover olfactory function might have suffered greater intranasal injury. It is not yet known if prolonged olfactory disturbance correlates with the degree of symptoms generally.

Retrograde propagation to higher-order neurons in the olfactory pathway {#s8}
-----------------------------------------------------------------------

Olfactory disorders can result from viral infections of the OSN and retrograde propagation to the higher-order neurons in the olfactory pathway. Indeed, in addition to anosmia and hyposmia, olfactory dysfunctions, such as phantosmia (distorted sense of smell) and olfactory hallucination (perceived distortion in the absence of an odorant), can occur in epilepsy, migraine, meningitis, and disorders of the CNS ([@CIT0037]). Strictly speaking, olfactory dysfunction due to central causes would require involvement of the brain areas processing olfactory information.

Retrograde olfactory neuroinvasion as the underlying cause of anosmia is best studied in the case of the herpes virus. The herpes virus is an enveloped double-stranded deoxyribonucleic acid virus of the Herpesviridae family ([@CIT0020]). The human herpes virus spreads in a retrograde fashion via the olfactory and the trigeminal nerve, but the exact mechanism remains unknown. Neuroinvasion by the herpes virus can result in the rare, fatal sequelae of herpes simplex encephalitis (HSE), which has an incidence of 1--3 cases per million ([@CIT0068]). Approximately 70% of HSE cases are attributed to late viral reactivation ([@CIT0020]), supported by the detection of HSV-1 DNA in 1.9% of the asymptomatic general population [@CIT0054]).

Permanent anosmia has been described in patients who recovered from HSE ([@CIT0045]). Post-HSE anosmia often presents with other neurological sequelae, including epilepsy, amnesia, and cognitive deficits. In mouse models of HSE, necrotic debris was present in the olfactory bulb within 5 days postinfection, then within the cranial nerve tracts and nuclei with presence of neutrophils, macrophages, and lymphocytes by 7 days ([@CIT0004]). Mice that survived the acute phase of the infection showed diffuse immune cell infiltration through the brain with profound atrophy of the piriform and entorhinal cortices and amygdala ([@CIT0004]). Indeed, the degree and quality of olfactory deficit in post-HSE patients varies, suggesting that some patients might suffer from a more "central" pattern of olfactory impairment involving limbic areas ([@CIT0045]). Evaluation of the OE of HSE patients revealed diffuse inflammation and ragged appearance due to vesicles between the cells. The perineural sheaths of olfactory nerves showed evidence of hemorrhage, indicating viral invasion ([@CIT0074]). Although the degree of CNS involvement in COVID-19 is unclear, it is anticipated that future studies would show patterns of necrosis and invasion similar to those of HSE if COVID-19-associated anosmia is due to retrograde propagation via the olfactory bulb. This may be an area for further investigation.

Growing evidence shows that coronavirus infection often is not confined to the nasal cavity and the upper respiratory tract but also enters into the CNS in unclear circumstances. The strongest evidence comes from mouse inoculation experiments, where it was confirmed that strains of coronavirus can invade the olfactory bulb ([@CIT0059]) as do other RNA viruses, such as rhabdoviruses ([@CIT0015]), influenza A ([@CIT0055]), and flaviviruses ([@CIT0032]). Severe olfactory bulb degeneration and increased turnover of OSN were demonstrated within the OE with a high ratio of immature to mature neurons ([@CIT0062]). Intranasal inoculation of HCoV-OC43 in mice resulted in viral antigen detection in the olfactory bulb 3 days later and in the whole brain 7 days later ([@CIT0060]). The propagation of HCoV-OC43 viral particles is mediated by axonal transport in neuron-to-neuron transmission ([@CIT0021]). The viral spread can be prevented by the ablation of the olfactory bulb, confirming that neuroinvasion via intranasal inoculation is mediated by olfactory neural circuitry ([@CIT0059]).

Immune responses to local viral infection in the OE include upregulation of nitric oxide and major histocompatibility antigens I and II by infected OSNs [@CIT0009]; [@CIT0046]; [@CIT0022]). Additional studies demonstrated olfactory bulb expression of innate cytokines, including interleukin 1, interleukin 12, and tumor necrosis factor, which decrease viral titers within the olfactory bulb and are directly correlated with prompt recruitment of CD4+ and CD8+ T-cells, as well as natural killer cells ([@CIT0056]; [@CIT0061]). T-cells are especially crucial in clearing mouse hepatitis virus from olfactory neurons ([@CIT0056]). In the case of SARS-CoV, the direct infection of macrophages and T-lymphocytes alters the innate immune response and expression of inflammatory markers. SARS-CoV-infected immune cells are hypothesized to promote a pro-inflammatory state that contributes to severe disease, and a similar mechanism is implicated in SARS-CoV-2 ([@CIT0058]; [@CIT0051]). A recent neuroimmunologic study revealed that microglia serve a critical role in limiting the replication of a mouse hepatitis virus via innate and virus-specific T-cell responses ([@CIT0077]). Interestingly, administering cyclosporine to induce immune suppression during HCoV-OC43 inoculation did not prevent the formation of vacuolating lesions and neuronal death in mice, which suggests that some aspects of neurodegeneration are not immunologically mediated ([@CIT0042]).

Human clinical and autopsy specimens further support the occasional neuroinvasion of coronaviruses. The endemic coronavirus strains HCoV-OC43 and -229E have been detected in postmortem specimens ([@CIT0069]; [@CIT0003]). SARS-CoV was also detected in cerebrospinal fluid ([@CIT0040]) and postmortem specimens ([@CIT0034]). In this case report, a 59-year-old male who had SARS-related respiratory symptoms experienced four-limb twitching and status epilepticus. The cerebrospinal fluid of this patient was found to have a high SARS-CoV viral load (6884 copies/mL). While SARS-CoV-2 has yet to be detected in the CNS, it is important to consider prolonged anosmia as part of COVID-19 symptomatology given the neuroinvasive potentials of previously studied coronavirus strains.

Hematologic spread to the CNS {#s9}
-----------------------------

Another plausible mechanism of viral entry to the CNS is by direct brain inoculation from epithelial disruption at the blood-brain barrier following hematologic seeding of SARS-CoV-2 from other organs. Indeed, a high prevalence of ACE2 was found in lung and intestinal epithelia, which provide possible hematologic routes of viral entry ([@CIT0035]). Recent evidence suggests that SARS-CoV-2 causes cardiac injury by targeting pericytes in the heart with high expression of ACE2 ([@CIT0013]). It is likewise possible that hematologic spread of SARS-CoV-2 to endothelial cells of the blood-brain barrier injures pericytes and astrocytes. This would not only result in major ramifications on brain homeostasis but also cause central and peripheral olfactory disturbance ([@CIT0044]). Recent preliminary data showed ACE2 expression in perivascular cells of the OE, which supports the hypothesis of hematologic spread of SARS-CoV-2, although further studies are required to delineate the exact mechanism of pathogenesis ([@CIT0010]).

Direct or indirect CNS injury causing demyelination {#s10}
---------------------------------------------------

The neurodegenerative properties of latent HCoV infection emerged from a study that demonstrated a higher prevalence of HCoV-OC43 in postmortem brain specimens from multiple sclerosis (MS) patients compared to a control group ([@CIT0003]). MS is a disease of the CNS characterized by patches of demyelination and autoimmune inflammation due to molecular mimicry. Although the etiology of MS remains disputed, it is postulated that genetic factors ([@CIT0023]) and viral pathogens, such as HCoV, induce CNS demyelination via chronic infection of oligodendrocytes ([@CIT0057]; [@CIT0003]; [@CIT0025]). Interestingly, recent studies have indicated that olfactory dysfunction is correlated with progressive cognitive impairment and physical disability in MS patients ([@CIT0005]; [@CIT0012]). Certainly, this hypothesis would require longitudinal patient studies to delineate and gather more evidence on the progressive decline of neurological function.

Conclusions {#s11}
===========

Viral URIs classically manifest as rhinorrhea and nasal obstruction, leading to conductive olfactory loss. Postviral anosmia may ensue in a subacute fashion after the acute symptoms of URI resolve. However, the preliminary data on COVID-19 patients identified a novel viral syndrome of acute anosmia without rhinitis or nasal obstruction. New data are being uncovered about the identity of cells responsible for viral entry into the olfactory neural system. Based on reviewing anosmia as a result of viral infection, specific mechanisms of anosmia can be postulated. Nasal congestion and obstruction similar to the common cold may contribute to a conductive olfactory loss. However, depending on the true distribution of ACE2, virulence potential, and resulting immune and inflammatory response, olfactory dysfunction may indicate a peripheral injury of the first cranial nerve and branches or a harbinger of a more global neurological manifestation of the disease. Long-term follow-up studies on patients with isolated sudden onset anosmia will be important because this symptom may indicate the onset of neuroinvasion that could result in chronic neurodegenerative disease. The rates of permanent anosmia post-COVID-19 infection and impact of viral treatment regimens should be assessed.
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